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Abstract
Non-observation of any dark matter signature at various direct detection experiments over the last
decade keeps indicating that immensely popular WIMP paradigm may not be the actual theory of
particle dark matter. Non-thermal dark matter produced through freeze-in is an attractive proposal,
naturally explaining null results by virtue of its feeble couplings with the Standard Model (SM) particles.
We consider a minimal extension of the SM by two gauge singlet fields namely, a Z2-odd fermion χ
and a pseudo scalar φ˜, where the former has interactions with the SM particles only at dimension five
level and beyond. This introduces natural suppression in the interactions of χ by a heavy new physics
scale Λ and forces χ to be a non-thermal dark matter candidate. We have studied the production of χ
in detail taking into account both ultra-violate (UV) and infra-red (IR) freeze-in and have found that
for 1010 GeV ≤ Λ ≤ 1015 GeV, χ is dominantly produced via UV freeze-in when reheat temperature
TRH & 104 GeV and below which the production is IR dominated. Furthermore, we have considered the
cascade annihilation χχ¯ → φ˜φ˜ → 4γ to address the longstanding ∼ 3.5 keV X-ray line observed from
various galaxies and galaxy clusters. We have found that the long-lived intermediate state φ˜ modifies
dark matter density around the galactic centre to an effective density ρeff which strongly depends on
the decay length of φ˜. Finally, the allowed parameter space in Λ − g plane (g is the coupling between
χχ¯ and φ˜) is obtained by comparing our result with the XMM Newton observed X-ray flux from the
centre of Milky Way galaxy in 2σ range.
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I. INTRODUCTION
The indirect evidence including flat galaxy rotation curve, bullet cluster observation, gravita-
tional lensing of distant objects etc. have firmly established the fact that in addition to the visible
baryonic matter, our Universe is made of some mysterious non-baryonic, non-luminous matter
which is commonly known as the dark matter (DM). Besides these indirect evidences, cosmic
microwave background (CMB) anisotropy probing experiments like WMAP [1] and Planck [2]
have measured the amount of dark matter present in the Universe based on ΛCDM model and
the present value of dark matter relic density is ΩDM h
2 = 0.120±0.001. In spite of all these, the
particle nature of DM and its production mechanism are not known to us to date. There exists a
plethora of proposals in the literature for a viable dark matter candidate. Among them thermally
generated cold dark matter is the most studied scenario. This type of dark matter candidates
are classified as weakly interacting massive particle (WIMP) [3]. The WIMP scenario naturally
predicts a “cold” dark matter candidate having mass in the GeV to TeV range with a weak scale
total annihilation cross section 〈σv〉 ' 3× 10−26 cm3/s. In addition, this attractive scenario also
predicts substantial scattering cross section with first generation of quarks (unless they are pro-
hibited by some exotic symmetry of a particular model) and hence with nucleons as well, which
can easily be measured by the present dark matter direct detection experiments. However, as
of now no signature of dark matter has been observed at direct detection experiments resulting
in severe exclusions of both spin independent (σSI) and spin dependent (σSD) scattering cross
sections. In particular, σSI has the maximum exclusion of 4.1×10−47 cm2 for mDM = 30 GeV by
the XENON1T experiment [4]. In future, experiments like XENONnT [5], LUX-ZEPLIN (LZ)
[6] and DARWIN [7] will be sensitive enough to explore all the remaining parameter space above
the neutrino floor, a region dominated by coherent elastic neutrino-nucleus scattering (CEνNS),
beyond which it is an extremely difficult task to identify a dark matter signal from the neutrino
background [8].
The null results of direct detection experiments raised a fundamental question about the scale
of interaction of dark matter with baryons. As a result, there are many interesting proposals
which predict diminutive interactions between visible and dark sectors and at the same time
attain correct relic density as reported by the CMB experiment Planck. Non-thermal origin of
dark matter is one of such frameworks where dark matter possesses extremely feeble interaction
with other particles in the thermal bath. In this framework, it is assumed that the initial
abundance of dark matter is almost negligible compared to other particles maintaining thermal
equilibrium among themselves. This may be visualised in a situation where after the inflation,
inflaton field predominantly decays into the visible sector particles rather than its dark sector
counterparts. Here, dark matter particles are produced gradually from the decay as well as
scattering of bath particles. This is known as the Freeze-in mechanism [9]. Moreover, there
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are two types of freeze-in depending on the time of maximum production of dark matter. One
of them is the ultra-violet (UV) freeze-in [9–12] where dark and visible sectors are connected
by the higher dimensional operators only. As a result, abundance of dark matter becomes
extremely sensitive to the initial history such as the reheat temperature (TRH) of the Universe.
In this situation production of dark matter occurs only through scatterings. On the other hand,
renormalisable interaction between dark and visible sectors leads to another kind of dark matter
production which is dominated at around the temperature T ∼ mass of the initial state particles,
when latter are in thermal equilibrium. Beyond this, as the temperature of the Universe drops
below the mass of the mother particle, its number density becomes Boltzmann suppressed and
the corresponding production mode of dark matter ceases. Unlike the previous case, this kind
of freeze-in is mostly effective at the lowest possible temperature for a particular production
process (i.e. either decay or scattering or both) hence this is known as the infrared (IR) freeze-in
[9, 13–25]. Moreover, freeze-in can also be possible when initial state particles themselves remain
out of thermal equilibrium and in such cases one needs to calculate first the distribution function
of mother particle which later enters into the Boltzmann equation of dark matter [19, 26] and in
such cases the dark matter production era through freeze-in depends on the nature of distribution
function of mother particle.
In this work, we have studied both the UV freeze-in and IR freeze-in in a single framework
and we also discuss a possible signature of our dark matter candidate via ∼ 3.5 keV X-ray line.
For that, we have extended the SM by adding a gauge singlet and Z2-odd Dirac fermion (χ) and
a gauge singlet pseudo scalar (φ˜). The Dirac fermion χ is absolutely stable due to the unbroken
Z2 symmetry and hence it is our dark matter candidate. Both the SM gauge invariance and also
the invariance of Z2 symmetry dictate that χ do not have any interactions with the SM fields
except that with the Higgs doublet H and that too is possible only using the gauge invariant
operators having dimensions five (minimum) or more. As a result, the production of dark matter
via UV freeze-in is possible before the electroweak symmetry breaking (EWSB) where pairs of
χ and χ¯ are produced from scatterings of the components of H and also from the electroweak
gauge bosons. Moreover, the same operator between χ and H is also responsible for the late time
production of dark matter via IR freeze-in, as after EWSB H gets a nonzero vacuum expectation
value (VEV) and the dimension five operator decomposes into a four dimensional interaction
term between the SM Higgs boson h and χχ¯. In the IR freeze-in regime, in addition to the
annihilations of hh, W+W− and ZZ, pair annihilations of the SM fermions, pseudo scalar (φ˜)
and more importantly the decays of the SM Higgs boson h and φ˜ are the possible sources of χχ¯
production. However, we will see that φ˜ with a mass larger than 163 eV cannot be produced
thermally at the early Universe via Primakoff processes as it will overclose the Universe. This
can be evaded if the freeze-out temperature of φ˜ production processes is larger than the reheat
temperature of the Universe. In spite of this, in the present model φ˜ can also be produced
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non-thermally from the decay of the SM Higgs boson (h) if mφ˜ ≤ mh/2. In such a situation,
depending on its mass and lifetime (varies mainly with Λ, mφ˜ and φ˜χχ¯ coupling g) the pseudo
scalar φ˜ may act as a decaying dark matter component. However, the contribution of φ˜ to the
present dark matter relic density will be determined by its coupling with h as this coupling will
essentially control the production of φ˜ from the SM Higgs boson after EWSB. Hence, due to the
non-thermal nature of φ˜, the production of χs from scattering or/and decay of φ˜s are suppressed
compared to that from the SM particles which are in thermal equilibrium. After solving the
Boltzmann equation of χ considering all possible production processes in the collision term we
have shown the allowed parameter space in Λ−TRH plane which satisfies dark matter relic density
in 1σ range, where Λ is the possible new physics scale. We have found that the lower end of
the Λ− TRH plane is dominated by IR freeze-in while UV freeze-in becomes superior for higher
values of TRH and Λ.
Finally, we have discussed an indirect signature of our dark matter candidate in detail. For
that we have considered ∼ 3.5 keV X-ray line emission from different galaxies and galaxy clusters.
The observation of ∼ 3.5 keV X-ray line by the XMM Newton X-ray observatory from various
galaxy clusters including Perseus, Coma, Centaurus etc. was first reported in [27]. Afterwards,
there are studies by various groups claiming the presence of this line in the X-ray spectrum
from the Andromeda galaxy [28] and also from the centre of our Milky Way galaxy [29, 30].
Furthermore, the Suzaku X-ray observatory has searched for the signature of the 3.5 keV line
in the four X-ray brightest galaxy clusters namely Perseus, Virgo, Coma and Ophiuchus and
they have detected signal in the Perseus galaxy cluster only [31]. More recently, the evidence
of this X-ray line has also been found in the cosmic X-ray background by the Chandra X-ray
Observatory [32]. There are plenty of studies focusing on the explanation of this mysterious
X-ray signal from dark matter decay in a wide class of beyond Standard Model (BSM) scenarios
[15, 33–48]. On the other hand, although in less numbers, there exist proposals involving dark
matter annihilation as well [49–51]. Nevertheless, the astrophysical explanation of this X-ray line
in the form of atomic transitions in helium-like potassium and chlorine [52, 53], is also possible. In
this work, our explanation using annihilating dark matter is distinctly different from the earlier
attempts. Here, our dark matter candidate χ undergoes a cascade annihilation in which first
a pair of χχ¯ annihilates into φ˜φ˜ and thereafter each φ˜ decays into two γs. This type of dark
matter annihilation produces a “box” shaped photon spectrum [54] which gets a line shape as
mχ → mφ˜. In this scenario, we have derived necessary analytical expressions of the photon flux
and have compared our result with the observed X-ray flux by XMM Newton from the centre
of Milky Way galaxy [29] and finally have presented the allowed parameter space in the Λ − g
plane.
Rest of the article is organised as follows. In Section II we describe our model briefly. Detailed
analysis of dark matter production via both UV and IR freeze-in has been presented in Section
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III. Possibility of φ˜ as a decaying dark matter candidate is discussed in Section IV. The Section V
deals with a comprehensive study of an indirect signature of our proposed dark matter candidate
χ in the form of long-standing ∼ 3.5 keV X-ray line. Finally, we summarise in Section VI.
II. MODEL
In this section we will describe our model briefly. As we have mentioned in the previous
section, we consider a minimal extension of the SM, where one can have both types of freeze-in
(UV and IR) effects in the relic density of dark matter. For that we have extended the fermionic
sector as well as the scalar sector of the SM by adding a Dirac fermion χ and a pseudo scalar
φ˜. Both χ and φ˜ are singlet under the SM gauge group SU(3)c ⊗ SU(2)L ⊗U(1)Y . Additionally,
we have imposed a Z2 symmetry in the Lagrangian and we demand that only χ is odd under
Z2. Due to this, the Dirac fermion χ cannot have any interaction with the SM fields up to the
level of dimension four. The minimal operator describing interaction of χ with SM Higgs doublet
Φ is a five dimensional operator suppressed by a mass scale Λ. However, χ has renormalisable
interaction with the remaining non-standard particle φ˜. On the other hand, being a pseudo scalar,
the CP invariance restricts interactions of φ˜ as well. Although unlike χ, φ˜ has interaction with
the SM Higgs doublet at dimension four level, beyond that one can have interactions between φ˜
and SM gauge bosons which have very rich phenomenology. Moreover, since φ˜ does not have any
VEV, there is no spontaneous CP-violation as well after symmetry breaking. In this scenario,
Dirac fermion χ is our dark matter candidate which is absolutely stable due the unbroken Z2
symmetry. On the other hand, in some particular cases where the mass of φ˜ is less than mχ/2, φ˜
can be partially stable, contributing some fraction of total dark matter relic density at the present
epoch and thus can act as a decaying dark matter candidate. Here the lifetime of φ˜ is entirely
controlled by the cut-off scale Λ. The charges of all the fields under SU(3)c⊗SU(2)L⊗U(1)Y⊗Z21
symmetry are listed in Table I.
1 We have used the relation QEM = T3 +
Y
2
to determine the electromagnetic charge of each field.
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Field content Charge under SU(3)c ⊗ SU(2)L ⊗U(1)Y⊗Z2 symmetry
`L =
(
νe
e
)
L
,
(
νµ
µ
)
L
,
(
ντ
τ
)
L
(1, 2, −1, +)
`R = eR, µR, τR (1, 1, −2, +)
QL=
(
u
d
)
L
,
(
c
s
)
L
,
(
t
b
)
L
(3, 2, 13 , +)
UR = uR, cR, tR (1, 1,
4
3 , +)
DR = dR, sR, bR (1, 1, −23 , +)
Φ =
(
φ+
φ0
)
(1, 2, 1, +)
χ (1, 1, 0, −)
φ˜ (1, 1, 0, +)
Table I: Field content of our model and their charges under SU(3)c ⊗ SU(2)L ⊗U(1)Y⊗Z2.
The gauge invariant and CP conserving Lagrangian of our model is given by
L =LSM + χ(i /∂ −mχ)χ+ 1
2
(∂µφ˜)(∂µφ˜)− 1
2
mφ˜φ˜
2 − φ˜ BµνB˜
µν
2 Λ
− φ˜W
a
µνW˜
µν
a
2 Λ
− y
`
α β
Λ
(i `Lα Φ γ5 `Rβ φ˜+ h.c)−
ydαβ
Λ
(i QLα Φ γ5DRβφ˜+ h.c)−
yuαβ
Λ
(i QLα Φ˜ γ5 URβφ˜+ h.c)
− χχΦ
†Φ
Λ
− g χγ5χφ˜+ λ
2
φ˜2Φ†Φ ,
(1)
where α, β are the generation indices, Λ is some mass scale which represents the cut-off scale of
our effective theory. Bµν = ∂µBν−∂νBµ and W aµν = ∂µW aν −∂νW aµ + i g1 abcW bµW cν (a = 1, 2, 3)
are field strength tensors for SU(2)L and U(1)Y gauge groups while the corresponding gauge
bosons are denoted by Bµ and W
a
µ respectively. Moreover, g1 and 
abc are gauge coupling and
structure constant of SU(2)L. Further, in the above X˜µν (X = Bµ, W
a
µ ) is the Hodge dual of field
strength tensor and is defined as X˜µν =
1
2
µνρσX
ρσ with µνρσ representing a four dimensional
Levi-Civita symbol. Now, the combination between Bµν (W
a
µν) and its Hodge dual tensor B˜µν
(W˜ aµν) gives a pseudo scalar which is invariant under the Lorentz transformation. Hence, a
combination of this product with φ˜ remains CP invariant. In the above Lagrangian, we have
added an extra i (≡ √−1) in each interaction term between SM fermions and φ˜ so that the
fermionic bilinears and their hermitian conjugate form a pseudo scalar. Here, Φ˜ is an SU(2)L
doublet with hypercharge -1 and is defined as Φ˜ = i σ2Φ
∗, where σ2 is the second Pauli spin
matrix and all the fermionic fields have been defined in Table I. Further, we would like to note
6
here that the Yukawa couplings y`, yu and yd are same as the Yukawa couplings associated with
charged leptons, up-type quarks and down-type quarks in the SM respectively. This is required to
avoid the flavour changing neutral current between the SM fermions and φ˜. All these interaction
terms between the SM fields except Higgs boson and φ˜ are suppressed by the new physics scale
Λ. As in the SM, here also electroweak symmetry is broken to residual U(1)EM symmetry by the
vacuum expectation value of the neutral component of doublet Φ.
III. DARK MATTER PRODUCTION VIA UV AND IR FREEZE-IN
In this work, our principal goal is to study both types of freeze-in mechanism in a single
framework by minimally extending the SM. As we have already seen in the previous section, all
the interactions of our dark matter candidate χ with the SM particles are suppressed by a heavy
new physics scale Λ. This naturally ensures that our dark matter candidate χ has extremely feeble
interactions with thermal bath containing SM particles. Consequently, χ always stays out of
thermal equilibrium and behaves as a non-thermal relic. The genesis of non-thermal dark matter
in the early Universe is known as the freeze-in mechanism [9] and depending upon the nature of
interaction of non-thermal dark matter candidate with other bath particles, there are two types
of freeze-in namely UV freeze-in and IR freeze-in. In the present case, both types of freeze-in
mechanisms are important for χ production at two different epochs. The UV freeze-in is possible
due to the presence of higher dimensional interactions between χ and SM fermions, gauge bosons
and in this process maximum χ production occurred when the temperature of the Universe was
equal to TRH, the reheat temperature. On the other hand, after electroweak symmetry breaking
(EWSB) additional χ particles are produced from the scatterings and decays of the SM particles
via IR freeze-in mechanism. This is indeed possible because after SU(2)L⊗U(1)Y breaking, one
can construct dimension three (responsible for both scattering and decay) as well as dimension
four (responsible for scattering only) interactions involving χ and other SM particles from those
higher dimensional operators. We have calculated both the UV and IR contributions to the relic
density of our dark matter candidate χ. The required interaction terms which are responsible
for the UV contribution are given by,
L ⊃ −χχΦ
†Φ
Λ
− 
µναβ (∂µBν) (∂αBβ) φ˜
Λ
− 
µναβ (∂µW
a
ν )
(
∂αW
a
β
)
φ˜
Λ
. (2)
Since UV freeze-in occurs well above the electroweak symmetry breaking2, at that time there is
no mixing between hypercharge gauge boson Bµ and W
3
µ . Therefore, during UV freeze-in Bµ and
2 We consider reheat temperature TRH >> TEW, where TEW being the temperature of the Universe when
electroweak symmetry breaking happened.
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W aµ (a = 1, 2, 3) are physical gauge bosons and χ is produced from their annihilations mediated
by pseudo scalar φ˜. Moreover, χ can also be produced from the annihilations of T3 =
1
2
and −1
2
components of the Higgs doublet Φ respectively, where the former one is no longer a Goldstone
boson before the EWSB. The Feynman diagrams for all these processes which are contributing
significantly towards χ production via UV freeze-in are shown in Fig. 1 and gauge boson-pseudo
scalar vertices are given in Appendix C.
Regime DM Production channels
Before EWSB
Bµ(P1)
Bν(P2) χ¯(P4)
χ(P3)
φ˜
W iµ(P1)
W iν(P2) χ¯(P4)
χ(P3)
φ˜
φi(P1)
φ
†
i (P2) χ¯(P4)
χ(P3)
(UV freeze-in)
W+µ (P1)
W−ν (P2) χ¯(P4)
χ(P3)
φ˜
W+µ (P1)
W−ν (P2) χ¯(P4)
χ(P3)
h
Zµ(P1)
Zν(P2) χ¯(P4)
χ(P3)
φ˜
After EWSB
Zµ(P1)
Zν(P2) χ¯(P4)
χ(P3)
h
h(P1)
h(P2) χ¯(P4)
χ(P3) h(P1)
h(P2) χ¯(P4)
χ(P3)
h
(IR freeze-in)
f¯j(P1)
fj(P2) χ¯(P4)
χ(P3)
φ˜
f¯j(P1)
fj(P2) χ¯(P4)
χ(P3)
h
χ¯(P4)
χ(P3)
h
Figure 1: Dominant production channels of dark matter at two different epochs for two different kinds
of freeze-in mechanisms.
On the other hand, IR freeze-in becomes effective only after the EWSB where we have three
massive gauge bosons W±µ , Zµ and one massless gauge boson Aµ as photon in the particle
spectrum. Additionally, our dark matter candidate can now have interactions with all the SM
fermions and Higgs boson h. Depending on the mass of χ, each of these particles have contribu-
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tions to χ production in this regime. The interaction terms which govern IR production of χ are
given by
L ⊃ −
µναβ (∂µW
−
ν )
(
∂αW
+
β
)
φ˜
Λ
− 
µναβ (∂µW
+
ν )
(
∂αW
−
β
)
φ˜
Λ
− 
µναβ (∂µZν) (∂αZβ) φ˜
Λ
− 
µναβ(∂µAν)(∂αAβ)φ˜
Λ
− i
Λ
∑
j
mfjfjγ5fjφ˜−
v
Λ
χχh− 1
2Λ
χχh2 − g χγ5χ φ˜ ,
where mfj is the mass of the SM fermion fj and the summation index j is taken over all the
SM fermions. Therefore, our dark matter candidate χ has IR contributions to its relic density
from the following scattering processes: W+W− → χχ, ZZ → χχ, f¯jfj → χχ, hh → χχ and
φ˜φ˜→ χχ. Apart form these scatterings, χ can also be produced from the decays of Higgs boson
h and pseudo scalar φ˜ if such processes are kinematically allowed. Feynman diagrams for all
these processes are shown in Fig. 1. Moreover, we would like to comment here that as in this
work we are considering mφ˜ ≤ 100 GeV, this choice does not allow φ˜ to be generated thermally.
This will become clear in the next section where we have a detailed discussion on this topic. As
a result the production of χ from scattering and/or decay (if kinematically allowed) of φ˜ will
naturally be suppressed compared to the SM particles.
Now, we calculate the relic abundance of χ produced via freeze-in. For that one needs to
solve the Boltzmann equation of χ, taking into account all possible interactions into the collision
term. The Boltzmann equation of χ is given by
dnχ
dt
+ 3Hnχ '
∑
i n
eq
i n
eq
i 〈σ vrel〉i i→χχ + neqh 〈Γh→χχ〉 , (3)
where, ni is the number density of species i and the corresponding equilibrium number density is
denoted by neqi . The second term in the left hand side of the Boltzmann equation proportional to
the Hubble parameter H dilutes nχ due to the expansion of the Universe. In the right hand side,
we have the usual collision term of the Boltzmann equation. Since we are dealing with a non-
thermal dark matter candidate χ with an insignificant initial number density, in the collision term
we have neglected backward reaction terms (inverse processes) proportional to n2χ. Thus, in this
case the collision term only contains all types of production processes of χ from annihilations as
well as decays of other particles. The first term in the right hand side indicates the production of
χ from scattering of particles i which are in thermal equilibrium and their number densities only
depend on mass of the corresponding particle and temperature of the Universe. The summation
over i is there to include all possible scattering processes. In principle, there can also be two
different particles at the initial state of scattering, however, we are not considering such type of
production processes of χ because those are not present in our present model. The scattering
term has both UV and IR contributions. The epoch of UV production is determined by the reheat
temperature TRH of the Universe. However, for IR processes the production of dark matter from
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a particular decay(annihilation) becomes significant at around the temperature T ∼ m, where
m being the mass of the initial state particle(s). Particularly, this is due to the reason that
for temperature T << m, the number density of mother particles following Maxwell-Boltzmann
distribution gets exponentially suppressed.
The second part of the collision term represents the increase in number density of χ from
decay of the SM Higgs (h). A detail derivation of the collision term for both scattering and
decay processes are given in Appendices A and B. To solve the above equation, it is useful to
consider a dimensionless variable namely the comoving number density of χ, Yχ =
nχ
s
, which
absorbs the effect of expansion of the Universe and indicates only the change in nχ due to number
changing processes involving dark matter candidate χ and other bath particles. Here the quantity
s is the entropy density of the Universe. Following the procedure as discussed in Appendices
A and B for solution of the Boltzmann equation for both UV as well as IR freeze-in case, we
now present the solution of the Boltzmann equation (value of Yχ at the present epoch) as given
below,
Yχ(T0) ' 1
16pi4
[∫ TRH
TEW
dT
sH
∫ ∞
4m2i
dsˆ
∑
i
(
g2i σii→χχ
)
F
√
s− 4m2i K1
(√
sˆ
T
)
+
∫ TEW
T0
dT
sH
∫ ∞
4m2i
dsˆ
∑
i
(
g2i σii→χχ
)
F
√
s− 4m2i K1
(√
sˆ
T
)
+ 8pi2ghm
2
h Γh→χχ
∫ TEW
T0
dT
sH
K1
(mh
T
)]
. (4)
Here, the first term is the UV contribution to Yχ and it is clearly visible that this part depends
on the reheat temperature TRH. On the other hand, the next part is coming from the IR
contributions to Yχ and it becomes effective only after the EWSB. This is because after the
EWSB, Higgs doublet gets a nonzero VEV and there are renormalisable interactions (up to a
level of dimension four) between dark matter and Higgs. The last term is another IR contribution
to Yχ originating from the decay of h. In the above, mi, gi are mass and internal degrees of freedom
of particle i while TEW and T0 are EWSB temperature and temperature at the present epoch.
Moreover, as discussed in the Appendices A and B, one can further simplify UV contribution
and IR contribution from h decay. However, further simplification of IR freeze-in term (second
term in the right hand side of Eq. (4)) originating from the scatterings requires knowledge about
cross sections of all the production processes. Therefore, the solution of the Boltzmann equation
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after those simplifications can be written in a more compact form as follows
Yχ(T0) ' Mpl
1.66 (2pi)3
[
180 (16g21 + 4)
(2pi)4
√
gρ(TRH) gs(TRH)
TRH − TEW
Λ2
+ 135
(
gh Γh→χχ
m2h
√
gρ(mh) gs(mh)
)]
+
1
16pi4
∫ TEW
T0
dT
sH
∫ ∞
4m2i
dsˆ
∑
i
(
g2i σii→χχ
)
F
√
s− 4m2i K1
(√
sˆ
T
)
. (5)
Here, the factor (16g21 + 4) in the first term comes from six scattering diagrams including four
gauge boson annihilations and two scalar annihilations into χχ pairs (see Feynman diagrams for
before the EWSB case in Fig. 1). Below we have listed all the relevant scattering cross sections
and decay widths which are required to find Yχ at T0 using Eq. (5) and the corresponding Feynman
diagrams are illustrated in Fig. 1.
σZµZν→χ¯χ =
1
16pisˆ
√
sˆ− 4m2χ
sˆ− 4m2Z
[
8m4Z
9Λ2
(sˆ− 4m2χ)(3 + sˆ
2
4m4Z
− sˆ
m2Z
)
(sˆ−m2h)2
+
4g2
9Λ2
sˆ2(sˆ− 4m2Z)
(sˆ−m2
φ˜
)2
]
, (6a)
σW+µ W−ν →χ¯χ =
1
16pisˆ
√
sˆ− 4m2χ
sˆ− 4m2W
[
8m4W
9Λ2
(sˆ− 4m2χ)(3 + sˆ
2
4m4W
− sˆ
m2W
)
(sˆ−m2h)2
+
4g2
9Λ2
sˆ2(sˆ− 4m2W )
(sˆ−m2
φ˜
)2
]
, (6b)
σAµAν→χ¯χ =
g2sˆ
3
2
16piΛ2
√
sˆ− 4m2χ
(sˆ− 4m2
φ˜
)2
, (6c)
σf¯ifi→χ¯χ =
1
16pisˆ
√
sˆ− 4m2χ
sˆ− 4m2fi
[
m2fi(sˆ− 4m2fi)(sˆ− 4m2χ)
Λ2(sˆ−m2h)2
+
g2sˆ2m2fi
Λ2(sˆ−mφ˜2)2
]
, (6d)
σhh→χ¯χ =
1
8pisˆΛ2
[
1 +
9m4h
(sˆ−m2h)2
]
(sˆ− 4m2χ)
3
2√
sˆ− 4m2h
, (6e)
Γh→χ¯χ =
v2
Λ2
mh
8pi
(
1− 4m
2
χ
m2h
) 3
2
. (6f)
Finally, the relic density (Ωχh
2) of χ is defined as the ratio of dark matter mass density to
the critical density (ρcrit) of the Universe and it is related to comoving number density (Yχ(T0))
by the following relation [55, 56],
Ωχh
2 = 2.755× 108 mχ
GeV
Yχ(T0) . (7)
11
A. Numerical results of the Boltzmann Equation
In this section, we present the allowed parameter space that we have obtained by computing
dark matter relic density using Eqs. (5-7) and comparing this with the reported range of ΩDMh
2 =
0.120 ± 0.001 by the Planck experiment. In order to do this, we have varied the independent
parameters Λ, TRH, mχ, g and λ within the following ranges.
1010 GeV ≤ Λ ≤ 1015 GeV ,
103 GeV ≤ TRH ≤ 1013 GeV ,
10−6 GeV ≤ mχ ≤ 102 GeV ,
10−8 ≤ g ≤ 10−2 ,
10−12 ≤ λ ≤ 10−8 ,
(8)
The allowed parameter space in the TRH−Λ plane by the relic density constraint is shown in the
left panel of Fig. 2. In the present work, as mentioned earlier, both types of freeze-in mechanisms
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Figure 2: Left panel: The TRH − Λ parameter space reproducing correct dark matter relic density via
freeze-in mechanism for mφ˜ = 100 GeV and 1 keV ≤ mχ ≤ 100 GeV. Right panel: Allowed values of
TRH and Λ for mφ˜ ' mχ = 7.06 keV. In both panels colour bars are indicating the contribution of UV
freeze-in to the total dark matter relic density.
are contributing to the relic density of our dark matter candidate χ. The fraction of relic density
of χ generated via UV freeze-in has been indicated by the colour bar. From this figure it is clearly
visible that UV freeze-in contributes maximally for large reheat temperature i.e. TRH > 10
4 GeV.
This can be understood easily from the first term of Eq. (5), where we see that the UV effect on
Yχ(T0) is proportional to TRH. Moreover, the contribution of UV freeze-in to Yχ(T0) has a 1/Λ
2
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suppression, as a result one needs larger Λ for higher TRH such that Ωχh
2 does not exceed 1σ
allowed range of ΩDMh
2. On the other hand, IR freeze-in dominates for the lower values of reheat
temperature TRH < 10
4 GeV, where UV effect becomes a secondary source of χ. Furthermore,
the variation of Λ for a particular value of TRH is mostly due to mχ which is varying between
1 keV to 100 GeV. The same parameter space for mφ˜ ' mχ = 7.06 keV 3 is shown in the right
panel of Fig. 2. Similar to the plot in left panel, here also we get UV freeze-in dominance for
higher values of TRH and Λ while in low reheating temperature regime (TRH < 10
4 GeV) IR
freeze-in becomes superior. However, the most noticeable difference is that instead of getting an
allowed region in the TRH − Λ plane here we get a line and this is entirely due to the fact that
in the present plot we have kept mχ fixed at 7.06 keV.
IV. POSSIBILITY OF φ˜ AS ONE OF THE DARK MATTER COMPONENTS
In this section, we discuss about the possibility of having φ˜ as another dark matter component
besides χ. Since φ˜ has interaction with photons, it can be produced thermally from the inelastic
scattering between any charged fermions (q) and γ at the early Universe. Such type of scatterings
q + γ → q + φ˜ are known as the Primakoff process, where at the final state from each scattering
a φ˜ and a charged fermion are produced. Moreover, as we have interactions like f¯γ5fφ˜ with f
being any SM fermion, the Primakoff scattering can also be possible here through an s-channel
mediator f . However, extremely suppressed coupling (a ratio between the SM Yukawa coupling
and the new physics scale Λ) of f¯f with φ˜ makes such processes insignificant. On the other hand,
in the present scenario, φ˜ can also be produced from the Primakoff like processes where photons
are replaced by other SM gauge bosons Z and W±4. Therefore, following the procedure given in
[57], we have found that the freeze-out temperature Tf of φ˜ always remains larger than 100 GeV
as long as Λ & 109 GeV. This implies φ˜ (of mass mφ˜ . 100 GeV) freezes-out relativistically when
Λ & 109 GeV, which is the range of Λ we are considering in this work and also is allowed from
various astroparticle physics experiments [57]. As a result of this relativistic freeze-out, once we
know the freeze-out temperature Tf , the number density of φ˜ at the present epoch becomes fixed
from the following relation as
nφ˜(T0) =
nγ(T0)
2
gs(T0)
gs(Tf )
, (9)
where nγ(T0) is the number density of γ at the present epoch, T0 = 2.73 K being the present
average temperature of the Universe and gs(T ) is the number of relativistic degrees of freedom
3 In Section V, it will be clear that in order to address the 3.53 keV X-ray line from the centre of our Milky Way
galaxy we need mφ˜ ' mχ = 7.06 keV.
4 For W± one has to change the final state fermion accordingly to maintain electromagnetic charge conservation.
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present at temperature T which are contributing to the entropy density of the Universe. Using
nφ˜, now one can calculate the relic density of φ˜ easily which is given by [58]
Ωφ˜h
2 = 0.12×
( mφ˜
163 eV
)
×
(
106.75
gs(Tf )
)
. (10)
Therefore, φ˜ with mass larger than 163 eV will overclose the Universe. The present density
Ωφ˜h
2 will be diluted by a factor κ = s(T )
s(Tf )
, if there is a significant entropy production per
comoving volume of the Universe after decoupling of φ˜ i.e. for T < Tf . In order to avoid
this unpleasant situation, one needs the freeze-out temperature Tf of φ˜ to be larger than the
reheat temperature (TRH) of the Universe such that φ˜ will never be produced thermally from the
Primakoff process. This condition is indeed satisfied in the present work since the allowed range
of TRH for a particular value of new physics scale Λ (see Fig. 2 in Section III A) always lies below
the freeze-out temperature Tf of the Primakoff process, which has the following approximate
dependence on Λ as Tf ' 1.259 × 10−16 Λ2 [57]. However, in the present model, there are some
additional sources of φ˜ production via IR freeze-in. Here, φ˜ can be produced from the decay
of the SM Higgs boson after the EWSB. In addition, the annihilations of SM particles in the
broken phase of electroweak symmetry can be responsible for φ˜ production. Moreover, φ˜ may also
be present before electroweak symmetry breaking from χ annihilation. However, non-thermal
abundance of φ˜ depends on the relevant couplings involved in the production processes. On the
other hand, depending upon the mass of φ˜, it has several decay modes including W+W−, ZZ, γγ,
f¯f and χ¯χ. All the decay channels except χ¯χ final state are suppressed by Λ2. Therefore, one of
the possible ways to make φ˜ partially stable is by increasing Λ. Nevertheless, we cannot enhance
Λ arbitrarily as it controls both UV and IR productions of our principal dark matter candidate
χ. Therefore, the most efficient way to forbid those decay modes is by putting kinematic bound
on mφ˜ i.e. mφ˜ < 2mρ, where ρ = W
±, Z, f and χ. Here we would like to note that for the χ¯χ
final state, one may also reduce the partial decay width by adjusting the coupling g. However
this requires unnaturally small value of g, i.e. for mφ˜ = 100 keV (< mass of e
±), one needs
g . 10−19 to attain the lifetime of φ˜ atleast greater than the present age of the Universe (∼ 1017
s). In spite of all these, the γγ final state will always be present and if we forbid all other decay
channels then the lifetime of φ˜ will be determined only by mφ˜ and Λ. In that case, a φ˜ will have
lifetime greater than 1017 s, if Λ2 > 1.3× 1028
( mφ˜
10−4 GeV
)3
GeV2 . This relation is valid as long
as the mass of φ˜ is such that it has only γγ decay mode.
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V. INDIRECT SIGNATURE OF χ VIA ∼ 3.5 KEV X-RAY LINE
In the present model, our dark matter candidate χ can annihilate into a pair of φ˜, which
further decays into γγ final state i.e. χ¯χ → φ˜φ˜ → 4γ 5. Such cascade annihilation of χ results
in a box shaped diffuse γ-ray spectrum [54], with each emitted photon has energy mφ˜/2 in the
rest frame of φ˜. The photon energy Eγ in the laboratory frame where dark matter particle χ is
assumed to be non-relativistic (i.e. each intermediate scalar (φ˜) has energy equal to mχ) is
Eγ =
m2
φ˜
2mχ
1− cos θ
√
1−
m2
φ˜
m2χ
−1 , (11)
where θ is the angle between φ˜ and γ in the laboratory frame. The maximum and the minimum
energies Emaxγ and E
min
γ of γ are obtained by putting θ = 0 and θ = pi in the above expression.
Moreover, as the intermediate state is a scalar, we will always have an isotropic photon emission
in the rest frame of the scalar and also with respect to the laboratory frame if the intermediate
scalar is non-relativistic. Thus, the resulting spectrum remains constant in energy with two sharp
cut-off at energies Emaxγ and E
min
γ respectively and mimics a “box-shaped” spectrum. The width
of the spectrum is given by,
∆E = Emaxγ − Eminγ ,
=
√
m2χ −m2φ˜ , (12)
which depends on the mass splitting between dark matter χ and pseudo scalar φ˜. Therefore,
the box-shaped photon spectrum becomes line like if χ and φ˜ are exactly degenerate in mass.
However, in this case we will have four photons per χ annihilation with each having energy mχ/2,
which is not the situation when a γ-ray line spectrum is obtained from a prompt annihilation
of χ and χ¯. In the later case, one gets two photons each having energy mχ from a single χχ¯
annihilation.
Now, we want to demonstrate that the cascade annihilation of χ into 4 γ final state can explain
the long-standing ∼ 3.5 keV X-ray line initially observed by the XMM Newton observatory from
various galaxy clusters including Perseus, Centaurus, Coma etc. and also from the centre of our
Milky Way galaxy. The excess X-ray flux observed from centre of the Milky Way galaxy within
an angle of 14′ is (29± 5)×10−6 cts/sec/cm2 at an energy Eγ = 3.539±0.011 keV [29]. Therefore,
for the rest of this section we have considered mχ = 7.06 keV and δ = (mχ −mφ˜)/mχ ∼ 10−5
5 We have checked the prompt annihilation process χχ→ γγ and σvrel for this process is very small due to large
value of Λ.
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to match with the observed line like X-ray spectrum. However, there are strong bounds on the
coupling of a keV scale pseudo scalar φ˜ with photons from various astrophysical and cosmological
phenomena. These include bounds [57, 59] from the detection of extragalactic background light
(EBL), distortion in the cosmic microwave background (CMB) spectrum, measurement of effec-
tive number of relativistic degrees of freedom (Neff ) at the time of CMB formation, alternation in
the successful prediction of Helium and Deuterium abundances from Big-Bang-Nucleosynthesis
(BBN), length measurement of the neutrino burst from the SN1987a Supernova, the energy loss
of stars though radiation (Horizontal Branch stars) etc. The present upper bound on φ˜γγ cou-
pling, which is inversely proportional to Λ in our case, from all the above mentioned observations
is Cφ˜γγ ≤ 10−18 GeV for a keV scale pseudo scalar φ˜ [57]. However, this bound has been derived
by considering φ˜ contributing 100% to the dark matter relic density, which is not the actual
situation in our case. Here, as discussed in the previous section, a keV scale φ˜ depending upon
its two photon coupling Cφ˜γγ can be stable over the cosmological time scale. Its abundance at
the present epoch will be determined by an interplay between rate of production of φ˜ via IR
freeze-in6 and rate of decay into γγ. In our case, φ˜ is mostly produced from the SM Higgs decay
after electroweak symmetry breaking, which depends on hφ˜φ˜ trilinear coupling λ. Therefore, by
properly adjusting λ, one can easily have a situation where φ˜ contributes to only a small fraction
of total dark matter relic density and consequently experimental bounds mentioned in [57, 59]
will be relaxed. Thus in the present context, we have considered the mass scale Λ in the range
1010 GeV − 1015 GeV. The bound on Cφ˜γγ or Λ actually dictates a longer lifetime of φ˜, which is
τφ˜ & 1020 s for mφ˜ ∼ 7 keV. Therefore, we are in a situation where our dark matter candidate χ
annihilates to produce an intermediate long lived scalar φ˜, which later on decays into a pair of γ
after travelling a distance in the galaxy. To compute X-ray flux in this case, one has to take into
account both annihilation cross section of χ¯χ → φ˜φ˜ as well as decay width of φ˜ → γγ properly
and this has been discussed in the next section elaborately.
A. Calculation of X-ray flux:
Let us consider two dark matter particles annihilate into two φ˜s and each of them decays to
two photons and further the corresponding decay of φ˜ is not instantaneous. This means φ˜ travels
a certain distance depending on this lifetime before decaying into a pair of γ. This situation has
been illustrated in Fig. 3, where the point C represents the galactic centre. The annihilation of
dark matter occurs at A while the decay of φ˜ after travelling a distance ~r′ happens at B. O
is the position of the earth with respect to the galactic centre. Now, in such a situation, we
6 Thermal production of φ˜ via Primakoff process has to be forbidden, otherwise the thermal abundance of a keV
scale φ˜ would overclose the Universe.
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Figure 3: Schematic diagram of dark matter annihilation via a long lived mediator φ˜.
want to calculate the photon flux detected by a telescope placed at O, which is produced at B
from the cascade annihilations of χ. First, we derive the expression of γ-ray flux for the present
situation following [60, 61] and then we discuss how it differs from the γ-ray flux involving direct
dark matter annihilation. As mentioned earlier, let two χs annihilate at A to produce two φ˜s
and each of them decays into two γs at B while the position vectors of A and B with respect to
the galactic centre C are ~xs and ~x respectively. If total number density of dark matter at ~xs is
nχ(~xs) then the annihilation rate per χ¯ particle is given by,
Γann(~xs) = 〈σvrel〉χχ¯→φ˜φ˜
nχ(~xs)
2
= 〈σvrel〉χχ¯→φ˜φ˜
ρχ(~xs)
2mχ
. (13)
Here, the 2 factor arises because of the fact that average number densities of χ and χ¯ are nχ
2
.
ρχ(~xs) is the dark matter density at a distance ~xs from the galactic centre while 〈σvrel〉χχ¯→φ˜φ˜ is
the annihilation cross section for χχ¯→ φ˜φ˜ and it has the following expression,
〈σvrel〉χχ¯→φ˜φ˜ =
g4
16pimχ
(
m2χ −m2φ˜
)3/2
(
2m2χ −m2φ˜
)2 . (14)
In the above we have assumed non-relativistic nature of our dark matter particles during their
annihilations to φ˜s. Now, an element of volume dV~xs at A contains
ρχ(~xs)
2mχ
dV~xs number of χ¯
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particles. Hence the total annihilation rate7 at ~xs for an element of volume dV~xs is
Γtotalann (~xs) = 〈σvrel〉χχ¯→φ˜φ˜
ρχ(~xs)
2mχ
× ρχ(~xs)
2mχ
dV~xs . (15)
Here from each annihilation of χ and χ¯ we get two pseudo scalars. Hence, the production rate
of φ˜ in the elemental volume dV~xs can be written as
Γ′
φ˜
(~xs) = 2× Γtotalann (~xs)
=
〈σvrel〉χχ¯→φ˜φ˜
2
(
ρχ(~xs)
mχ
)2
dV~xs ,
= Γφ˜(~xs) dV~xs , (16)
where, Γφ˜(~xs) in the right hand side denotes the production rate of φ˜ per unit volume at ~xs.
Now, the probability that a particle φ˜ will travel a distance r′ from its source point at ~xs without
decaying is given by,
P (r′) = e
− r′
λ
φ˜ , (17)
where, λφ˜ is the decay length of φ˜, which is the average distance travelled by a particle before
decaying and λφ˜ can be expressed as,
λφ˜ = vφ˜ τφ˜ ,
= vφ˜ γφ˜ τ
0
φ˜
,
=
√
m2χ −m2φ˜
mφ˜
τ 0
φ˜
,
'
√
0.2× 107
(
δ
10−5
)1/2 ( τ 0
φ˜
1020 s
)
kpc , (18)
where, vφ˜ is the velocity of φ˜ in the laboratory frame, γφ˜ ' mχmφ˜ (considering non-relativistic χ,
i.e. Eχ ' mχ). Here, τ 0φ˜ = 1/Γφ˜→γγ is the lifetime of φ˜ at rest and the corresponding decay
width is given by
Γφ˜→γγ =
m3
φ˜
16piΛ2
. (19)
7 In case of Majorana fermion the annihilation rate will be
Γtotalann (~xs) =
1
2
× 〈σvrel〉χχ¯→φ˜φ˜
(
ρχ(~xs)
mχ
)2
dV~xs .
The 12 factor arises to avoid the overcounting since for Majorana fermion particles and antiparticles are identical.
18
The quantity δ is already defined in the previous section, expressing the mass splitting between
χ and φ˜. Now to calculate how many φ˜ will reach at B starting from A, we need to know the
phase space distribution of φ˜.
Number of φ˜ which are produced within an elementary volume dV ~xs at ~xs will cross an ele-
mentary area dA′ at ~x in time dt is given by
dNφ˜(~x,
~l) = dV~xs
(
Γφ˜(~xs)dt
)(
dA′
4pi|~x− ~xs|2
)
exp
[
−|~x− ~xs|
λφ˜
]
, (20)
where, ~l represents the direction of propagation of φ˜ which is along ~r′ = ~x − ~xs. Moreover,
without loss of any generality we have considered both ~l and ~dA′ are along the same direction.
The differential flux dΦφ˜ at ~x is defined as
dΦφ˜(~x,
~l) =
d2Nφ˜(~x,
~l)
dA′ dt
, (21)
and, therefore, the flux of φ˜ at ~x is given by,
Φφ˜(~x) =
1
4pi
∫
dV~xs Γφ˜(~xs)
exp
[
− |~x−~xs|
λφ˜
]
|~x− ~xs|2 . (22)
Finally, we have defined a quantity fφ˜(~x), called the density function of φ˜ at ~x as
fφ˜(~x) =
Φφ˜(~x)
vφ˜
,
=
1
4pi vφ˜
∫
dV~xs Γφ˜(~xs)
exp
[
− |~x−~xs|
λφ˜
]
|~x− ~xs|2 . (23)
The angular distribution of photon is isotropic in the rest frame of φ˜ (since the scalar is a spin
zero object). However, in the galactic frame the emitted photons have some angular distribution.
Let ~k be the direction of emitted photons (i.e. along the position vector −~r in Fig. 3) then the
angular distribution of photons will depend on the angle between ~l and ~k. If dNγ is the number
of photons emitted along the direction ~k within a solid angle dΩγ and having energy between Eγ
and Eγ + dEγ, then let us define a function G(~k −~l, Eγ) as
G(~k −~l, Eγ) = d
2Nγ
dEγ dΩγ
. (24)
Therefore, the number of photons coming towards the earth in time dt along the direction ~k from
an elementary volume dV situated at ~x with respect to the galactic centre is
dNγ = dV
(
dt
τφ˜
fφ˜(~x)
)(
G(~k −~l, Eγ) dEγ dA|~x− ~r|2
)
, (25)
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where dA is an elementary area placed on the earth (i.e. at O, the position of telescope) and
similar to the previous case, here also we have considered that the photons are coming along the
normal to the area dA. Furthermore, from Fig. 3 we can write ~r = ~x−~r where ~r describes the
position of the earth with respect to the galactic centre. Now, using the definition of differential
flux given in Eq. (21), one can easily calculate the total photon flux from the decay of φ˜ as
Φγ =
∫
fφ˜(~x)
τφ˜
G(~k −~l, Eγ) dEγ|~x− ~r|2 dV. (26)
The differential photon flux on the earth can be obtained using ~r = ~x− ~r as
d2Φγ
dEγ dΩ
=
1
τφ˜
∫
l.o.s
dr fφ˜(~x)G(~k −~l, Eγ) , (27)
where
∫
dΩ = ∆Ω is the field of view of the telescope placed at O. The above integration over r
is along the line of sight (l.o.s) distance. Now substituting the expression of fφ˜(~x) in the above
we get,
d2Φγ
dEγ dΩ
=
1
4pivφ˜τφ˜
∫
l.o.s
dr
∫
dV~xsΓφ˜(~xs)
exp
[
− |~x−~xs|
λφ˜
]
|~x− ~xs|2 G(
~k −~l, Eγ) . (28)
Finally, using Eqs. (16, 18) the expression of photon flux is
d2Φγ
dEγ dΩ
=
1
4piλφ˜
∫
l.o.s
dr
∫
dV~xs
〈σvrel〉χχ¯→φ˜φ˜
2
(
ρχ(~xs)
mχ
)2 exp [− |~x−~xs|
λφ˜
]
|~x− ~xs|2 G(
~k −~l, Eγ) ,
=
〈σvrel〉χχ¯→φ˜φ˜
2m2χ
∫
l.o.s
dr ρ2eff(x)G(~k −~l, Eγ) , (29)
where
ρ2eff(x) =
∫
dV ~xs
ρ2χ(~xs)
4piλφ˜
exp
[
− |~x−~xs|
λφ˜
]
|~x− ~xs|2 , (30)
is the square of effective dark matter density at point B. In the present case, dark matter
candidate χ is non-relativistic and the mass of χ and φ˜ are required to be almost degenerate
to generate a line-like photon spectrum. Consequently, the intermediate particles φ˜ are also
non-relativistic and hence the photon spectrum will appear isotropic to the observer at the earth
as well. Therefore, one can take G(~k−~l, Eγ) ' 1
4pi
dNγ
dEγ
and the differential photon flux from the
cascade annihilation of dark matter reduces to the familiar form
dΦγ
dEγ
= 2× 1
4
r
4pi
(
ρ
mχ
)2
〈σvrel〉χχ¯→φ˜φ˜
dNγ
dEγ
Jeff∆Ω , (31)
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except a few noticeable changes which are as follows. The extra 2 factor in front of the right hand
side is due to the fact that instead of two here we are getting four photons per annihilation of
χχ¯. However, the most important thing lies within the J-factor where the effect of large lifetime
of φ˜ modifies the J-factor, which is a measure of amount of dark matter present in the region of
interest, into an effective one that has the following expression
Jeff =
1
∆Ω
∫
∆Ω
dΩ
∫
l.o.s
dr
r
ρ2eff(x)
ρ2
, (32)
and the expression of effective density ρ2eff at point B is given in Eq. (30). We would like to note
here that while calculating the l.o.s integration in Eq. (32), one has to use the transformation
~x = ~r + ~r. Since we are getting a monochromatic photon spectrum,
dNγ
dEγ
is a Dirac delta
function. From Eq. (31), it is clearly seen that the photon flux depends on the annihilation
cross section 〈σvrel〉χχ¯→φ˜φ˜ as well as on the decay length λφ˜ (equivalently decay width of φ˜) of φ˜
through Jeff . The combined effect of both 〈σvrel〉χχ¯→φ˜φ˜ and λφ˜ will determine the final photon
flux.
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Figure 4: Variation of ρ2eff with respect to the distance r measured from the centre of Milky Way galaxy
for three different values of decay length λφ˜. Moreover, for comparison we have also superimposed the
variation of density square for the Standard NFW profile.
In Fig. 4, we show the variation of ρ2eff as a function of distance r from the galactic centre for
three different values of decay length namely λφ˜ = 10 kpc, 10
3 kpc and 106 kpc respectively. We
have considered the Standard NFW halo profile [62] to describe dark matter distribution around
the galactic centre in Eq. (30). Additionally, to compare the variation of ρeff with distance from
the standard case of prompt dark matter annihilation we have also plotted the NFW profile in
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the same figure using a black solid line. From this plot it is seen that for small decay length
i.e. λφ˜ = 10 kpc (indicated by cyan coloured solid line), the effective dark matter density closely
follows the NFW profile above a threshold value of r which depends on decay length λφ˜ of the
intermediate particle φ˜. Below the threshold of r, the deviation of ρ2eff from the NFW profile
increases as we move towards the galactic centre (r → 0). This is due to the fact that for r < λφ˜,
φ˜ does not have sufficient time to decay into γγ final states. Moreover, as r becomes slightly
larger than the threshold distance the effective dark matter density overshoots the NFW profile
and its magnitude increases with λφ˜. This is clearly visible by comparing ρ
2
eff for λφ˜ = 10 kpc
(cyan solid line) and λφ˜ = 10
3 kpc (blue solid line) respectively. Finally, for r >> λφ˜ when almost
all φ˜s are converted into γs, the effective density reduces to the density given by the Standard
NFW profile.
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Figure 5: Allowed values of Λ and g which reproduce observed X-ray flux (19× 10−6cts/cm2/s ≤ Φγ ≤
39×10−6cts/cm2/s in 2σ range) from the centre of Milky Way galaxy. The corresponding values of Jeff
is illustrated by using the colour bar.
Finally, using Eqs. (30-32) we have computed the X-ray flux from cascade annihilation of χχ¯.
As we want to explain the 3.53 keV X-line which has been observed by XMM Newton from the
galactic centre [29], we consider mχ = 7.06 keV and δ = 5 × 10−6 8. As a result, the computed
X-ray will depend on two unknown parameters namely the coupling g which enters into the flux
8 For prompt annihilation process χχ → γγ, σvrel ≈ O(10−51) cm3s−1 for Λ = 1013 GeV and δ = 5 × 10−6,
which is too small to reproduce the observed ∼ 3.5 keV photon flux [49].
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formula through 〈σvrel〉χχ¯→φ˜φ˜ (see Eq. (14)) and the other one is the new physics scale Λ which
has a deep impact on Jeff through ρeff (see Eqs. (18, 30 and 32)). The dependence of ρeff on Λ in
Fig. 4 can be understood from Eqs. (18 and 30). Now, in order to reproduce the observed X-ray
flux in 2σ range i.e. 19×10−6 cts/cm2/s ≤ Φγ ≤ 39×10−6 cts/cm2/s we have varied both g and Λ
and the allowed parameter space in the Λ− g plane is shown in Fig. 5. The corresponding values
of Jeff are depicted by the colour bar. While calculating Jeff we have considered a solid angle ∆Ω
corresponding to an angular aperture of 14′(∼ 0.250) around the galactic centre, which is equal
to half of the field of view (FOV) of XMM in the energy range 0.15 keV to 15 keV [63]. From,
this plot one can see that as Λ increases we have to increase g also so that X-ray flux lies within
the 2σ band. This can be understood in the following way. Any increment in Λ increases the
decay length λφ˜ (or lifetime) of the intermediate particle φ˜, which results in a reduction in ρeff
and hence also in Jeff . Consequently, one requires an adequate enhancement in the annihilation
cross section to compensate this suppression in Jeff . As both mφ˜ and mχ are fixed, this can only
be possible by increasing the associated coupling g. Physically this implies that the probability
of getting photons from φ˜ decays keeps decreasing as Λ continues to increase from a lower to
higher value. Therefore, in order to get the same amount of photon flux, the number density of φ˜
must increase and for the present situation that is possible only by increasing the χ¯χφ˜ coupling
g. Finally, for a specific benchmark point one can consider Λ ' 1013 GeV which corresponds to
Jeff . 10−6. This requires g ' 10−3 to get the X-ray flux of energy 3.53 keV within 2σ error bar.
VI. CONCLUSION
In this work, we have considered a minimal extension of the Standard Model by a gauge
singlet Z2-odd fermion χ which couples to the SM Higgs boson by a dimension five effective
operator. As a result, all the interactions of χ with the SM fields are suppressed by a large new
physics scale Λ, which naturally ensures χ to be a non-thermal dark matter candidate. The
production of χ at the early Universe occurs through freeze-in mechanism and depending on
the time of maximum production of dark matter there are two types of freeze-in namely ultra-
violet freeze-in and infra-red freeze-in. The former case is characterised by the presence of a
higher dimensional interaction and the dark matter comoving number density generated via UV
freeze-in becomes directly proportional to the reheat temperature (TRH), making the dark sector
extremely sensitive to the early history of the Universe. On the other hand, IR freeze-in does not
require any involvement of higher dimensional operator and occurs mostly around a temperature
T ∼ mass of the mother particle, when latter is in thermal equilibrium. Here, χχ¯ pairs before
EWSB are produced only from the scatterings of scalars (both charged and neutral components
of the Higgs doublet H) and gauge bosons W aµ (a=1, 2, 3), Bµ via UV freeze-in. After EWSB, χχ¯
pairs can also be produced from IR freeze-in, where scatterings of electroweak gauge bosons (W±µ ,
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Zµ), SM fermions and both decay as well as scattering of SM Higgs boson are dominant sources
of dark matter production. In the present scenario, we have solved the Boltzmann equation of χ
to compute its relic density considering all possible dark matter production processes from the
thermal plasma. We have presented our result in Λ − TRH plane, which is allowed by the relic
density constraint of dark matter. We have found that for the lower end of this plane where
TRH . 104 GeV, the maximum fraction of dark matter is produced by IR freeze-in while UV
freeze-in dominates for TRH beyond 10
4 GeV.
Moreover, we have also presented a detailed discussion on the indirect signature of our non-
thermal dark matter χ in the light of the unexplained ∼ 3.5 keV X-ray line from various galaxies
including our own Milky Way galaxy and also from galaxy clusters. In order to do this, we
have further introduced a SM gauge singlet pseudo scalar φ˜ in the particle spectrum. This φ˜
becomes a long lived particle in keV scale as in this mass range φ˜ has only γγ decay mode which
is extremely suppressed by the large Λ2 . Furthermore, this keV scale φ˜ with a new physics scale
Λ & 1011 GeV will be partially stable over the cosmological scale since it has lifetime greater
than 1017 s, the present age of the Universe. In this situation φ˜ may act as a decaying dark
matter candidate whose contribution to the total dark matter relic abundance will depend on
its coupling λ with the SM Higgs boson h. Therefore, in the present model we have a situation
where our dark matter χ of mass ∼ 7 keV pair annihilates into a pair of long lived φ˜ and
each φ˜ thereafter decays into two photons. Generally, this type of cascade annihilation results
in a box shaped spectrum which turns into a line like X-ray spectrum when mχ and mφ˜ are
almost degenerate. The calculation of photon flux in this situation is distinctly different from
the standard case of prompt dark matter annihilation, where we have large astrophysical J-factor
for a particular solid angle ∆Ω around the region of interest (here galactic centre) and hence
smaller annihilation cross section for the annihilation channel χχ¯ → γγ are required. On the
other hand, for this cascade annihilation of dark matter via an intermediate long lived state, we
have derived necessary analytical expressions which are required to compute the photon flux. We
have found that due to the presence of long lived intermediate states all the dark matter particles
present around the galactic centre are not able to produce photons. It depends on decay length
λφ˜ of the intermediate scalar φ˜. This is represented by an effective dark matter density profile
ρeff(r) which depends on the decay length (or lifetime) of φ˜. Furthermore, we have noticed that
ρeff(r) (and hence Jeff) is suppressed compared to the standard NFW profile for r . λφ˜ as we
increase the new physics scale Λ which is controlling the lifetime of φ˜. In this circumstances, we
need enhanced χχ¯→ φ˜φ˜ annihilation cross section (or larger coupling g) to produce the observed
X-ray from the galactic centre. Finally, we have identified the allowed parameter space in Λ− g
plane which reproduces the XMM Newton observed X-ray flux from the galactic centre of Milk
way in 2σ range.
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Appendix A: Boltzmann equation for freeze-in via scattering
In this section, first we have derived a general solution of the Boltzmann equation of a dark
matter candidate χ produced at the early Universe from scattering of bath particles. Such
production process via freeze-in mechanism has both UV and IR contributions and particularly
it depends on the type of interactions that our dark matter candidate χ has with other particles
present in the Universe. After deriving a general expression of comoving number density (Yχ) of
χ for freeze-in, we have given a more simplified expression of Yχ for the case of UV freeze-in. As
we have already known that for UV freeze-in one needs higher dimensional effective interactions
between χ and other bath particles hence, we will consider a dimension five interaction
Φ†Φχχ
Λ
between χ and Higgs doublet Φ (the first term of Eq. (2)) as an example. Once we derive an
expression of Yχ for this dimension five operator, it can easily be generalised for any higher
dimensional operator. Let us assume that our dark matter candidate χ is produced at the early
Universe from annihilations of Φ and Φ† (depicted in Fig. 1). To calculate the net number density
(hence relic density) of χ generated from Φ†Φ→ χχ9, one needs to solve the Boltzmann equation
which is given by,
dnχ
dt
+ 3Hnχ '
∫
dΠΦdΠΦ†dΠχdΠχ
[
f eqΦ (~p1, T )f
eq
Φ†(~p2, T )|M|
2
Φ†Φ→χχ(2pi)
4δ4(P1 +P2−P3−P4)
]
,
(A1)
where P1, P2, P3 and P4 are the four momenta of Φ, Φ
†, χ and χ respectively while the cor-
responding three momenta are denoted by ~pis. Besides, dΠi ≡ gi d3 ~pi(2pi)32Ei is invariant under the
Lorentz transformation and gi is the number of internal degrees of freedom of the particle hav-
ing three momentum ~pi while |M|2Φ†Φ→χχ is the Lorentz invariant matrix amplitude square for
the process Φ†Φ→ χχ and it is averaged over spins of initial and final state particles. Here we
have assumed that all the particles except χ are in thermal equilibrium and they obey Maxwell
9 Before EWSB, both components of the doublet Φ are physical fields and can be represented by two complex
scalar fields φ± and φ0 ≡ h+ i a√
2
. However, after EWSB only the real part of φ0 (h) remains as a physical
scalar and other two (φ±, a) become massless Goldstone bosons. In generic notation, we denote everything by
Φ only.
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Boltzmann distribution. Moreover, as the initial number densities of χ and χ are negligible
compared to those of Φ and Φ†, we have neglected the back reaction term in the right hand side
of the Boltzmann equation. To proceed further, let us define a dimensionless quantity Yχ which
is known as the co-moving number density χ and it is defined as Yχ(T ) =
nχ(T )
s(T )
, where s(T ) is
the entropy density of the Universe at temperature T . In terms of Yχ(T ) the left hand side of
Eq. (A1) takes the following form
s
dYχ
dt
'
∫
dΠΦdΠΦ†dΠχdΠχ
[
f eqΦ (~p1, T )f
eq
Φ†(~p2, T )|M|
2
Φ†Φ→χχ(2pi)
4δ4(P1 +P2−P3−P4)
]
. (A2)
Now, using the time-temperature relation for the radiation dominated era dT
dt
' −HT , the above
equation can be expressed as
dYχ
dT
' − 1
sHT
∫
dΠΦdΠΦ†dΠχdΠχ
[
f eqΦ (~p1, T )f
eq
Φ†(~p2, T )|M|
2
Φ†Φ→χχ(2pi)
4δ4(P1 + P2 − P3 − P4)
]
,
(A3)
where H being the Hubble parameter. Now, using the definition of cross section σ for Φ†Φ→ χχ
the collision term of the Boltzmann equation further simplifies to
dYχ
dT
' − 1
sHT
∫
dΠΦdΠΦ†4EΦ EΦ†σ vrel f
eq
Φ (~p1, T ) f
eq
Φ†(~p2, T ) . (A4)
The integration in the right hand side is nothing but a product of two well known quantities
〈σ vrel〉Φ†Φ→χχ and neqΦ neqΦ† , where thermal averaged cross section and equilibrium number densities
are defined as
〈σ vrel〉Φ†Φ→χχ =
∫
dΠΦdΠΦ†EΦ EΦ†σ vrel f
eq
Φ (~p1, T ) f
eq
Φ†(~p2, T )∫
dΠΦdΠΦ†EΦ EΦ†f
eq
Φ (~p1, T ) f
eq
Φ†(~p2, T )
, (A5)
and
neq
Φ(Φ†) = 2
∫
dΠΦ(Φ†)EΦ(Φ†) f
eq
Φ(Φ†)(~p1(2), T ) . (A6)
Therefore, using Eqs. (A5, A6), the Boltzmann equation can be written in a more compact
notation as
dYχ
dT
' − 1
sHT
neqΦ n
eq
Φ† 〈σ vrel〉Φ†Φ→χχ . (A7)
If we assume there is no asymmetry in the number densities of Φ and Φ† then neqΦ = n
eq
Φ† . Also,
we have neglected the effect of change in number density of χ from the inverse process i.e.
χχ → ΦΦ† due to insufficient number densities of χ and χ. Otherwise, we will have a term
with a +ve sign and proportional to nχ nχ in the right hand side of the above equation. If one
incorporates these two things then the above equation will reduce to the more familiar form of
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the Boltzmann equation. Now, following the mathematical steps given in [55] for the calculation
of thermal averaged cross section, one can further express the right hand side as
dYχ
dT
' − 1
sHT
g2Φ T
16pi4
∫ ∞
4m2Φ
dsˆ σ F
√
s− 4m2Φ K1
(√
sˆ
T
)
. (A8)
Where gΦ and mΦ are the internal degrees of freedom and mass of Φ and K1
(√
s
T
)
is the first
order Modified Bessel function of second kind. The quantity F is related to the initial state
momentum (~pi) in centre of momentum frame as F = |~pi|
√
sˆ with
√
sˆ being the total energy
of scattering in centre of momentum frame. Moreover, by using the standard expressions of
differential cross section dσ
dΩ
in centre of momentum frame, the above equation reduces to another
well known form as given in [9, 10],
dYχ
dT
' − 1
sHT
g2Φ T
512pi6
∫ ∞
4m2Φ
dsˆ
∫
dΩ |~pf | |~pi|
|M|2Φ†Φ→χχ√
sˆ
K1
(√
sˆ
T
)
. (A9)
Here, ~pf is the final state momentum in centre of momentum frame. So far, we have not used the
information about the nature of interaction between dark matter and mother particles into the
derivation of Boltzmann equation. Thus Eqs. (A7-A9) are equally applicable for both types of
freeze-in where dark matter candidate χ is produced from annihilation of Φ and Φ†. However, for
the case of UV freeze-in one can further simplify the collision term of the Boltzmann equation.
As mentioned in the beginning, here we will consider a dimension five operator
Φ†Φχχ
Λ
. The
matrix amplitude square for dark matter production process Φ†Φ→ χχ is given by
|M|2Φ†Φ→χχ =
2
Λ2
(
sˆ− 4m2χ
)
. (A10)
As UV freeze-in occurs at very early Universe when temperature T is much larger compared
to the masses of associated particles, in the following we consider both dark matter as well as
initial state particles to be massless. Now, using the expressions of |M|2Φ†Φ→χχ, |~pi| and |~pf | (in
massless limit) in Eq. (A9) we get
dYχ
dT
' − 1
sHT
T
256pi5 Λ2
∫ ∞
0
dsˆ sˆ3/2 K1
(√
sˆ
T
)
,
' − 1
sH
T 5
8pi5Λ2
,
' − 45Mpl
1.66× 16 pi7√gρ gs Λ2 . (A11)
In the last line we have used the expressions of Hubble parameter H =
1.66
√
gρ
Mpl
T 2 and entropy
density s =
2pi2
45
gsT
3 for radiation dominated era. Furthermore, we assume that the production
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of χ via UV freeze-in is effective in a period when degrees of freedoms gρ and gs remain constant
with T . This assumption is indeed true for our scenario where UV freeze-in occurs much before
EWSB. Consequently, dYχ
dT
becomes independent of temperature T and Yχ depends linearly on T
with maximum contribution to Yχ coming at the maximum possible temperature after reheating,
which can be taken to be equal to the reheat temperature TRH. Therefore,
Yχ ' 360Mpl
1.66× (2pi)7√gρ(TRH) gs(TRH) Λ2TRH , (A12)
with Mpl = 1.22× 1019 GeV, the Planck mass.
Appendix B: Boltzmann equation for Freeze-in via decay
In this section, we have briefly discussed the Boltzmann equation of a dark matter candidate
χ produced from the decay of a mother particle φ (φ→ χχ) which is in thermal equilibrium and
following Maxwell-Boltzmann distribution. The Boltzmann equation for χ in this case is given
by,
dnχ
dt
+ 3Hnχ '
∫
dΠφdΠχdΠχ |M|2φ→χχ(2pi)4δ4(P1 − P2 − P3)f eqφ (~p1, T ) , (B1)
where, similarly to the previous case, here also we denote four momenta by Pi and the corre-
sponding three momenta by ~pi. Moreover, we also neglect the effect of inverse decay on nχ due to
non-thermal nature of χ. Using the standard definition of decay width for a two body process like
φ→ χχ and also the definition of neqφ (Eq (A6)), the right hand side of the Boltzmann equation
can be expressed as
dnχ
dt
+ 3Hnχ ' 2mφ Γφ→χχ
∫
dΠφf
eq
φ (~p1, T ) ,
'
∫
Γ′φ→χχ f
eq
φ (~p1, T )
gφ d
3~pi
(2pi)3
,
' neqφ 〈Γ〉φ→χχ , (B2)
where Γφ→χχ and Γ′φ→χχ are partial decay widths of φ into χχ final state in the rest frame
of φ and in a frame where φ is moving with a four momentum P1 (E1, ~p1) respectively and
Γ′φ→χχ =
mφ
E1
Γφ→χχ. The quantity 〈Γ〉φ→χχ is thermal averaged decay width and it is defined as
〈Γ〉φ→χχ = mφ
∫
dΠφ Γφ→χχ f
eq
φ (~p1, T )∫
dΠφE1 f
eq
φ (~p1, T )
, (B3)
while the equilibrium number density neqφ is defined in Eq. (A6). Now, in order to proceed
further we have to choose a distribution function for the mother particle φ. As φ is in thermal
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equilibrium, if we consider the Maxwell-Boltzmann distribution i.e. f eqφ (~p1, T ) = exp(−E1/T )
then both 〈Γ〉φ→χχ and neqφ reduce to respective well known forms i.e. 〈Γ〉φ→χχ =
K1
(mφ
T
)
K2
(mφ
T
)Γφ→χχ
and neqφ =
T
2pi2
gφm
2
φ K2
(mφ
T
)
. Using these two expressions, one can further simplify the collision
term as
dnχ
dt
+ 3Hnχ '
gφm
2
φ Γφ→χχ T
2pi2
K1
(mφ
T
)
. (B4)
The left hand side of the above equation can be written as a temperature variation of comoving
number density Yχ following the procedure discussed in the previous section. Therefore, in terms
of Yχ, the Boltzmann equation for freeze-in via decay has the following form
dYχ
dT
' − 1
sHT
gφm
2
φ Γφ→χχ T
2pi2
K1
(mφ
T
)
, (B5)
and
Yχ ' −
gφm
2
φ Γφ→χχ
2pi2
∫ Tmin
Tmax
dT
sH
K1
(mφ
T
)
,
' −45 gφm
2
φMpl Γφ→χχ
1.66× 4pi4
∫ Tmin
Tmax
dT
K1
(mφ
T
)
T 5
√
gρ gs
. (B6)
Here also we have used the expressions of H and s for radiation dominated era. Tmax and Tmin
are initial and final temperatures. As the integrand has maxima around T ' mφ, considering
Tmax =∞ and Tmin = 0, one can finally get the following expression of Yχ,
Yχ ' 135Mpl
1.66× 8pi3
gφ Γφ→χχ
m2φ
√
gρ(mφ) gs(mφ)
. (B7)
.
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Appendix C: Pseudo scalar gauge boson vertices after EWSB:
P3φ˜
Aµ Aν
P1 P2
−2iΛǫαµβνP1αP2β
(a)AµAν φ˜ vertex
P3φ˜
W+µ W
−
ν
P1 P2
−2iΛǫαµβνP1αP2β
(b)W+µ W
−
ν φ˜ vertex
P3φ˜
Zµ Zν
P1 P2
−2iΛǫαµβνP1αP2β
(c)Zµ Zν φ˜ vertex
Figure 6: Gauge boson pseudo scalar vertices after EWSB
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